Ubiquitination, a modification in which single or multiple ubiquitin molecules are attached to a protein, serves signalling functions that control several cellular processes. The ubiquitination signal is recognized by downstream effectors, many of which carry a ubiquitin-interacting motif (UIM). Such interactions can be modulated by regulators carrying a ubiquitin-like (UbL) domain, which binds UIM by mimicking ubiquitination. Of them, HR23B regulates the proteasomal targeting of ubiquitinated substrates, DNA repair factors and other proteins. Here we report the structure of the UIM of the proteasome subunit S5a bound to the UbL domain of HR23B. The UbL domain presents one hydrophobic and two polar contact sites for interaction with UIM. The residues in these contact sites are well conserved in ubiquitin, but ubiquitin also presents a histidine at the interface. The pHdependent protonation of this residue interferes with the access of ubiquitin to UIM and UBA, and its mutation to a smaller residue increases the affinity of ubiquitin for UIM.
So far, 27 UIM-containing proteins have been identified in humans (9) . The S5a UIM requires a string of at least four Lys-48-linked ubiquitins for efficient binding (10) . S5a of higher eukaryotes has two UIMs, located near each other in the carboxyl terminus. The Cterminal UIM by itself binds polyubiquitin chains as efficiently as the full-length S5a protein, whereas the N-terminal UIM alone binds polyubiquitin chains less efficiently (10) .
Nevertheless, a sequence alignment by Young and co-workers revealed that S5a of S. cerevisiae (Rpn10p) has only one UIM sequence that corresponds to the N-terminal UIM of higher eukaryotes (Figure 1b ; (10)). Recently, it has been shown that S. cerevisiae S5a contributes to the targeting of a subset of ubiquitinated substrates to the proteasome, but it is not the sole factor involved in polyubiquitin recognition (11, 12) . Subunit S6' of mammalian proteasome was also shown to recognize the polyubiquitin degradation signal (13) . In contrast to S5a UIMs, those of the endocytic factors Hrs, Eps15, Eps15R, and Vps27 are proposed to bind monoubiquitin tags (8, (14) (15) . The affinity between these UIMs and monoubiquitin seems low: the dissociation constant (K d ) for Hrs binding to monoubiquitin is 230-300 µM (16, 17) .
Interactions of ubiquitin tags with UIM or UBA of downstream effectors are modulated by proteins that bear UbL domains, some of which are thought to bind UIM by mimicking ubiquitination. Similar to ubiquitin-like modifier proteins such as NEDD8, UbL domains share high sequence homology with ubiquitin (typically 24-33 %) and thus adopt ubiquitin folds, as shown by the structure determination of the UbLs of PLIC-2, Parkin and HR23B (18-20 and 30) .
Of the UbL-containing proteins, HR23B is the best characterized and has been shown to target the excision repair factor XPC/Rad4 and the endoplasmic-reticulum-associated deglycosylation enzyme Png1p to the proteasome through interaction of its UbL with the proteasome (21) (22) (23) (24) (25) (26) . More recently, Rad23 (the S. cerevisiae homologue of HR23B) was Structure of a UIM-UbL complex proposed to deliver a variety of ubiquitinated cellular proteins to proteasome (27) . The interaction between the proteasome and the UbL domain of HR23B is essential for all of these functions. In higher eukaryotes, the C-terminal UIM of S5a has been proposed to be the receptor site for the UbL domain, to which it binds efficiently and with high affinity (K d = 3.4 µM; this study, see Results and Discussion); by contrast, the N-terminal UIM does not bind to UbL (22) . In yeast, however, S5a does not have a sequence corresponding to this Cterminal UIM (10) and does not bind to Rad23 (11) . Instead, the proteasome subunit Rpn1 serves as its receptor. These observations may suggest that the HR23B receptor sites in the proteasome differ between yeast and higher eukaryotes.
The interaction between ubiquitin/UbL and UIM has been studied by mutagenesis and NMR chemical shift perturbation experiments (10, 16, 18, 19, 28, 29 and 30) . These experiments all suggest that the conserved hydrophobic patch composed of the side chains of Leu 8, Ile 44, and Val 70 of ubiquitin serves as the binding site for S5a UIM or the proteasome.
To understand the structural basis for this recognition, we have solved the structure of the Cterminal UIM of human proteasome subunit S5a in complex with the UbL domain of human HR23B by solution NMR. A comparison of the UIM binding surface of UbL with the corresponding region of ubiquitin, coupled with extensive mutagenesis studies, indicates that the residues forming these interfaces are well conserved between UbL and ubiquitin, except for His 68 of ubiquitin. This residue can regulate the access of the UIM or UBA to ubiquitin in a pH-dependent manner. The present structural and mutational data enable us to revise the consensus sequence of UIM.
263-307 of S5a, referred to as UIM, as His-tagged proteins in Escherichia coli BL21(DE3).
Labelled proteins were obtained by growing E. coli in synthetic media containing 15 NH 4 Cl and 15 NH 4 Cl/ 13 C-glucose, respectively, and were purified chromatographically. UbL has an extra HHHHHH sequence at its C terminus, whereas UIM has an extra GSH sequence at its N-terminus after cleavage by thrombin. The UIM-UbL complex was formed by titrating UIM into UbL, using changes in the amide group resonances of UbL in the 15 N-1 H HSQC spectrum to indicate 1:1 stoichiometry. The UIM-UbL complex was in slow exchange on the chemical shift timescale. Samples for NMR measurements typically comprised 1.0 mM UIMUbL complex in 20 mM potassium phosphate buffer (pH 6.8) and 5 mM KCl. Various combination of isotopically labelled UIM-UbL complex were used to obtain chemical shift assignments and distance restraints.
NMR spectroscopy
NMR spectra were acquired at 303 K using Bruker DRX500 or DRX800 spectrometer. For assigning the 1 H, 15 N and 13 C resonances, we carried out a series of three-dimensional (3D) triple-resonance experiments (31) . The stereospecific assignment of the methyl groups of the leucines and valines was achieved using 15% fractionally 13 C-labelled protein. Distance restraints were derived from 15 N-and 13 C resolved 3D and 4D NOESY experiments with a mixing time of 100 ms. Intermolecular restraints were derived from the 4D 13 C/ 15 N-edited NOESY spectrum of a complex formed from 13 C-labelled UbL and 15 N-labelled UIM with a mixing time of 150 ms, and 3D 13 C-filtered-13 C-edited NOESY spectra of a complex formed from one unlabelled component and one 13 C/ 15 N-labelled component with a mixing time of 100 ms. For torsion angle (φ, ψ) restraints, the backbone vicinal coupling constants ( 3 J HN, H α) were determined by means of HNHA and a database search procedure based on Structure of a UIM-UbL complex backbone chemical shifts, using the program TALOS (32) . pH titration of the unique histidine of ubiquitin, His 68, was carried out by measuring one-dimensional heteronuclear multiplebond 1 H-15 N correlation (HMBC) spectra of 15 N-labelled human ubiquitin at 303 K.
Structure calculations
For structure determination of the UIM-UbL complex, 100 structures were initially calculated by a simulated annealing procedure in CNS (33) and further refined by AMBER 7 (34) . All interproton distance restraints were derived from unambiguously assigned NOE cross-peaks. Refinement using AMBER 7 consisted of 20-ps molecular dynamics, followed by 1000 steps of energy minimization. To approximate solvent interaction, a generalized Born model was used (35) . Force constants were 20 kcal mol -1 Å -1 for distance restraints and 150 kcal mol -1 rad -2 for dihedral angle restraints. Of refined 100 structures, the best 20 structures were selected and analysed using MOLMOL (36), AQUA and PROCHECK-NMR (37) software.
No NOE was violated by more than 0.3 Å, and no torsion restraint was violated by more than 4Ú. The hydrogen bond between UIM Ser 294 and UbL Gly 50 was assumed on the basis of both mutagenesis of UIM Ser 294 and observation of the bond in 98 out of the 100 calculated structures.
Mutational analyses
Mutant constructs were prepared with the GeneEditor in vitro site-directed mutagenesis Structure of a UIM-UbL complex system (Promega). The binding of S5a UIM to ubiquitin, HR23B UbL , and their mutants was determined by surface plasmon resonance using a BIACORE-X instrument. The equilibrium binding affinity of GST-UIM or its mutant immobilized on a CM5 chip was analysed by monitoring the change in response units as a function of ubiquitin, UbL or there mutant concentrations ranging from 0.1-500 µM at flow rate of 20 µl/min in buffer containing 10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.005 % Surfactant P20. The binding of the UBA of yeast Dsk2p to ubiquitin was determined in the same way using a BIACORE-X instrument. A GST-fusion protein that contains Dsk2p residues 328-373 (38) was immobilized onto a CM5 chip.
The effect of mutations on the affinity of S5a UIM for tetraubiquitin was examined by a surface plasmon resonance-based competition assay. Resonance curves were measured for 0.1 µM tetraubiquitin binding to immobilized GST-UIM in the presence of 40 µM Histagged wild type UIM or its point mutants. A buffer containing 10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA and 0.005 % Surfactant P20 was used at flow rate of 20 µl/min. The effect of ubiquitin mutation of His 68 to valine (H68V) for its binding affinity to the UIM of S5a was also analysed by GST-pull down assay. 12 µg of GST-UIM was incubated with 3 µg of wild-type or mutant ubiquitin in 100 µl of 20 mM HEPES (pH 7.9), 100 mM NaCl, 20% glycerol, 0.1% Nonidet P-40 and 200 µg/ml bovine serum albumin. Bound proteins were analysed by GSH-mediated pull-down assay coupled with SDS-polyacrylamide gel electrophoresis and silver staining.
RESULTS

Structure determination
The structure of the UIM of human proteasome subunit S5a in complex with the UbL domain of human HR23B was determined from a total of 1,730 NMR-derived restraints ( Figure 2a Structure of a UIM-UbL complex and Table I ). The structure of residues 1-75 of UbL and that of the UIM residues 278-296 of S5a are well defined (Figure 2b ). By contrast, the terminal residues of UIM have no contact with UbL and are therefore disordered. In the complex, UbL folds into an α/β structure comprising a layer of five-stranded twisted β-sheet, backed by a long helix (Figure 3a) . It closely resembles the structures of ubiquitin ((39), PDB code: 1d3z) , as indicated by the root-mean-square deviation (r.m.s.d.) of 0.741 Å over 30 Cα coordinates for residues in the regions of secondary structure elements. The UIM-bound UbL of HR23B has a similar structure to that of the unliganded form (30) . Therefore, the UbL domain of human HR23B
shares the same fold as members of the ubiquitin-like modifier family and other ubiquitinlike domains.
UIM adopts a 'hook'-like conformation, consisting of an N-terminal loop (residues 278-282) followed by an α helix (residues 283-296), which are flanked on either side by N-and C-terminal unstructured regions (residues 263-277 and 297-307). The helix dominates the binding interface, fitting snugly along strands β3 and β5 of UbL, whereas the N-terminal loop runs alongside the loop that connects helix α1 and strand β3 of UbL, mediating minor interfacial contacts. The helical portion of the UbL-bound UIM of S5a, residues 284-296, adopts a nearly identical fold to the corresponding part of a free UIM of yeast Vps27p (residues 303-315), whose crystal structure was solved as an antiparallel four helix bundle consisting of four molecules (40) .
Recognition of UIM by UbL
UbL has three principle contact sites with the helix of UIM that mediate a central hydrophobic and two polar interactions. The hydrophobic contact site is defined by the outward facing (Table II) .
The association of the UIM helix is further stabilized by two polar interactions near both of its ends. Ser 294 of UIM accepts a hydrogen bond from the main chain amide group of Gly 50 of UbL, which adopts a consecutive type IV (residues 47-50) and type I' (residues 48-51) β-turns (β T , Figure 3b and c). This conformation, which is stabilized by an aromaticmethyl stacking interaction between the phenol ring of Tyr 48 and the methyl group of Ala 49, places the amide group of Gly 50 in a suitable position to form an intermolecular hydrogen bond.
The significance of this bond can be seen by the total loss of binding that occurs when the hydroxyl group of Ser 294 is replaced by a proton through a serine-to-alanine mutation (Table II) .
The other polar interaction engages Glu 283, the amino-terminal residue of the UIM helix, whose side chain carboxyl group can be in a position to make an electrostatic interaction with the side chain amino group of Lys 45 of UbL (Figure 3b ). Alanine substitution of Glu 283 moderately decreases binding, suggesting that this charge complementarity is important for binding (Table II) .
Comparison of UIM binding sites between UbL and ubiquitin
Interestingly, all of the major UIM contact sites in UbL are conserved in ubiquitin. Residues Leu 8, Ile 44, Val 70 and His 68 of ubiquitin create a hydrophobic surface that resembles the hydrophobic contact site on UbL (Figure 3d ). Previous mutational analyses have shown that, except for His 68, these ubiquitin residues are critical for proteasomal degradation and for binding to S5a, and are essential for life in yeast (28, 41, 42) .
The polar contact sites in UbL are also conserved in ubiquitin. The 45Phe-Ala-Gly47 segment of ubiquitin adopts a consecutive type IV (residues 44-47) and type I (residues 45-48) β-turns identical to that seen in (Table II) .
To test whether the inability of monoubiquitin to bind S5a UIM is indeed due to steric hindrance, we replaced His 68 of ubiquitin with valine, the amino acid that is found in this position in UbL, and examined its effect on binding to UIM. This mutation increased the binding affinity, suggesting that the protrusion caused by His 68 may inhibit ubiquitin's access to UIM to some extent (Figure 5a ). This result suggests that the UIM-binding mode of ubiquitin is similar to that of UbL, consistent with the mutational data.
To determine whether His 68 regulates ubiquitin binding, we examined the effect of protonation of its imidazole ring on the ability of ubiquitin to bind to UIM. The binding affinity correlated well with the pH-dependent protonation state of the His 68 imidazole ring, as monitored by H δ2 and H ε1 chemical shifts (Figure 5b ). By contrast, this pH dependency was not observed for binding of the H68V mutant. Therefore, the His 68 side chain probably may have a regulatory role in the binding of ubiquitin to UIM.
We then examined whether this histidine of ubiquitin might regulate the binding of ubiquitin to UBA, another ubiquitin-binding motif that has been found in 79 human proteins (6, 9, 43) .
For this, we measured the binding affinity between ubiquitin and UBA from yeast Dsk2p at various pH values. It displayed a similar pH dependency to that between ubiquitin and UIM, suggesting that His 68 of ubiquitin also regulates the binding of UBA to ubiquitin (Figure 5c ). This is consistent with recent structure determination of a CUE-ubiquitin complex (44) . The CUE domain shows structure similarity with UBA domains, and shares a common binding site on ubiquitin with UIM.
DISCUSSION
Structure of a UIM-UbL complex
UIM interface of UbL
The UIM interface of UbL determined by our structure determination and mutagenesis studies is consistent with results from previous mutagenesis and chemical shift perturbation experiments of ubiquitin and UbLs (10, 16, 18, 19, 28, 29) . All of those experiments suggest that the conserved hydrophobic patch composed of the side chains of Leu 8, Ile 44, and Val 70 of ubiquitin is important for UIM or proteasome binding. The UIM-UbL complex reveals that the hydrophobic patch mainly functions as a pocket for the methyl group of Ala 290, which is conserved within UIM sequences (Figure 1b ; (7)).
In addition to the contact mediated by the conserved hydrophobic patch, our complex structure shows that two polar interactions mediated by Glu 283 and Ser 294 of UIM contribute to the UIM-UbL association. While the hydrogen bond through Ser 294 is crucial for the binding, the electrostatic interaction between the side chains of Glu 283 of UIM and Lys 45 of UbL seems to be less important, because the substitution of Glu 283 of UIM by alanine caused only a moderate effect in the binding of UIM to either UbL of HR23B or tetraubiquitin (Table II and Figure 4) . Notably, glutamic acid is well conserved at this position in UIM sequences that have been either shown or implied to bind a ubiquitin tag, but not in the N-terminal UIM of human S5a or yeast S5a (Figure 1b) . Therefore, the weak interaction between human HR23B and the N-terminal UIM, and that between yeast Rad23 and S5a, may be attributed to the absence of glutamic acid at this position in their UIM sequences.
Although the N-terminal UIM of human S5a binds to polyubiquitin chains much more weakly than does the C-terminal UIM, it still binds (10). This observation suggests that the electrostatic interaction mediated by Glu 283 of UIM makes a non-essential contribution to the UIM-ubiquitin interaction.
The contact area of the UIM-UbL complex is 474 Å 2 , as defined by the calculated change in the solvent-accessible surface area of UbL upon UIM binding. The area is comparable to the (Table II) .
We assume that the NMR signals of PLIC-2 residues in the proximity of the interface were probably affected by local conformational changes or long-range electrostatic effects on S5a These interactions would place the helix of UIM on the UbL surface in an opposite orientation to that observed in our structure.
Role of His 68 of ubiquitin in UIM binding
Our data suggest that the protonation of His 68 of ubiquitin elicits a pH-dependent interference of the access of ubiquitin to UIM and UBA. In yeast, the substitution of this residue with alanine has been shown to lead to, albeit weak, sensitivity to cold in yeast growth (42) . 4.5 to 6.8 (51). The crystal structure of diubiquitin indicates that the hydrophobic patch at the UIM interface also serves as the inter-subunit interface, which includes the side chain of His 68 (52). The same surface has been suggested to function as the inter-subunit interface in the closed conformation in solution (51). Thus, the protein surface including the hydrophobic patch and His 68 functions as the inter-subunit interface of diubiquitin at higher pH, but not Structure of a UIM-UbL complex at low pH, as occurs in ubiquitin interactions with both UIM and UBA (51). Our pH-titration experiment showed that the pH dependencies of the H ε 1 and H δ 2 chemical shifts of both subunits of diubiquitin are similar to that of monoubiquitin, shown in Fig. 5b , and thus the histidine side chains of diubiquitin is mostly protonated at pH 4.5 and mostly deprotonated at pH 6.8 (Footnotes 1). These observations raise the possibility that His 68 is involved in regulating the inter-subunit association, as well as in regulating ubiquitin-UIM and ubiquitin-UBA interactions. Notably, the same surfaces of the distal two ubiquitin subunits of tetraubiquitin function as inter-subunit interfaces (51).
This histidine is conserved in the UbL domains of PLIC-2 and Parkin. A triple pointmutation in the UbL domain of PLIC-2 (I75A, A77S and H99A) abolished its binding to the proteasome (18) . The mutated residues correspond to Ile 44, Ala 46 and His 68 of ubiquitin, all of which are thought to be important for UIM binding. Therefore, the detrimental effect of the triple-mutation of PLIC-2 cannot be attributed solely to substitution of the histidine.
UIM consensus sequence
The structure of the UIM-UbL complex, along with the binding data from the S5a UIM, UbL and ubiquitin mutants presented here, enables us to revise the consensus sequence for ubiquitin binding by UIM. On the basis of the sequence alignment of S5a and endocytic factors (7), it was previously proposed to be φ-x-x-Ala-x-x-x-Ser-x-x-Ac, where φ and Ac denote a large hydrophobic and an acidic residue, respectively. Our data now show that, whereas Glu 283, Ile 287, Ala 290 and Ser 294 of S5a contribute to UbL and ubiquitin recognition, Gly 297, which is located at the position of the C-terminal Ac in the proposed consensus, makes no contact with UbL and is disordered in the structure of the complex.
Residues shown to be important for UbL binding by our data are highly conserved in the UIMs of endocytic factors that have been either shown or implied to bind a ubiquitin tag Structure of a UIM-UbL complex (Figure 1b) . The most important residues, alanine and serine at positions 290 and 294 in S5a, respectively, are conserved among these factors, and a hydrophobic residues at position 287 is also well conserved. In contrast, the conservation of the acidic residue at position 283 is lower than those in UIM sequences (7) . This residue seems to make a smaller contribution than the others, as revealed by our mutagenesis data (Table II and Figure 4 ; see 'UIM interface of UbL' section). These observations allow us to revise the consensus sequence of UIM to (Ac)-
x-x-x-φ-x-x-Ala-x-x-x-Ser-x-x-(Ac). Fisher et al. have also shown that glutamic acid cluster at residues 259-262, and residues, A266 and S270, of Hrs UIM are important for its affinity for ubiquitin (see Figure 1b for the sequence of HRS and (37)). They also showed a mutation of E273 of Hrs UIM caused a decreased affinity, although the importance of the corresponding residue in S5a UIM, G297, is not observed in our structure.
Conclusion
We have reported the structure of a UIM bound to a UbL. Our structural and mutational data indicate that the contact sites in UbL are highly conserved in ubiquitin, but ubiquitin also presents a histidine residue at the interface. Thus, this study provides a structural basis for the interaction between ubiquitin and UIM-containing downstream effectors. Future experiments need to be directed at establishing the functional significance of the observed pH dependency of ubiquitin binding to UIM and UBA. Structure of a UIM-UbL complex Tables  Table I  Experimental 
